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Citrate-capped gold nanoparticles (AuNPs) serve as matrices for the determination of
biomolecules in a high-salt solution through matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS). In the case of using 2,5-dihydroxybenzoic
acid (2,5-DHB) as a matrix, the signal intensities of neutral steroids were severely suppressed
in a high-salt solution. A high concentration of NaCl caused the formation of the sodium
adduct ions during the desorption/ionization process, resulting in a decrease of the signal
intensities of the protonated ions. In comparison, by applying AuNP-assisted LDI-TOF-MS,
the signal intensities of neutral steroids remained almost constant when the concentration of
NaCl was increased to 500 mM. Because the use of citrate-capped AuNPs as matrices primarily
offers alkali metal ion adducts, AuNP matrices have a higher tolerance to high NaCl
concentrations relative to that of 2,5-DHB matrices. The relevant phenomena are also
discovered in the case of analysis of neutral carbohydrate, monosialoganglioside, indolamine,
and angiotensin I. The quantification of small molecules in a high-salt solution has been
accomplished by AuNP-assisted LDI-TOF-MS coupled to a unique sample preparation, in
which samples are deposited onto the sample plate before AuNPs. The present method has
been further applied to the determination of urea, creatinine, uric acid, and glucose in a
urine sample. (J Am Soc Mass Spectrom 2009, 20, 875–882) © 2009 American Society for
Mass SpectrometrySince its invention in 1987, matrix-assisted laserdesorption/ionization time-of-flight mass spec-trometry (MALDI-TOF-MS) has became a power-
ful technique in biochemical analysis [1]. Although
many groups have demonstrated that the use of an
organic chemical matrix in MALDI-TOF-MS is capable
of detecting peptides, proteins, and nucleic acids [2],
there are still unresolved problems in the general ap-
plication of MALDI-TOF-MS: (1) The cocrystallization
of analytes with matrices does not produce homoge-
neous mixtures, which cause hot spots and thereby
require sweet-spot searching [3]. (2) MALDI-TOF-MS is
incapable of detecting small molecules because of the
high background signals of small organic matrices,
which are present in the low-mass region (500 Da) [4].
(3) The presence of salts in a sample solution will
increase the intensities of salt-adducted forms [5]. Thus,
the desalting devices such as microextraction tips, poly-
meric membranes, and mini-C18 columns are helpful in
MALDI-TOF-MS [6]. (4) The neutral molecules such as
Address reprint requests to Dr. Wei-Lung Tseng, National Sun Yat-sen
University, Department of Chemistry, 70, Lien-hai Road, Kaohsiung, Tai-
wan 804. E-mail: tsengwl@mail.nsysu.edu.tw
© 2009 American Society for Mass Spectrometry. Published by Elsevie
1044-0305/09/$32.00
doi:10.1016/j.jasms.2009.01.002carbohydrates are poorly ionized by MALDI because of
the absence of either a basic or an acidic group in their
structures [7].
To overcome these problems, the use of inorganic
material as a matrix has been introduced for the deter-
mination of analytes ranging from small organic mole-
cules to biopolymers such as proteins and peptides
[8–18]. Tanaka et al. [8] pioneered the research in this
field and they reported the use of 30-nm cobalt nano-
particles (NPs) (suspended in glycerol) as matrices for
the analysis of lysozyme. It is suggested that cobalt
NPs take the advantages of a large surface area, high
photoabsorption, and low heat capacity compared with
those of microparticles. Inspired by Tanaka’s results, a
series of inorganic micro- and nanomaterials—such as
graphite particles [9], gold NPs (AuNPs) [10], silver
NPs [11], titanium dioxide NPs [12], silicon NPs [13],
Au nanorods [14], and carbon nanotubes [15]—have
been studied as potential inorganic matrices. Moreover,
matrix-free LDI-MS has been proposed using porous
silicon as a sample target for the analysis of small
molecules such as peptides, drugs, surfactants, and
carbohydrates [16]. This well-known technique is called
desorption/ionization on porous silicon (DIOS) [17]. In
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876 WU ET AL. J Am Soc Mass Spectrom 2009, 20, 875–882addition to DIOS, other approaches, including sol-gels,
carbon-based microstructures, silicon nanowire-based
silicon wafers, or germanium nanodot-based chips [16,
18], have been used in matrix-free LDI-MS.
Compared with organic chemical matrices, nanoma-
terial matrices offer the advantages of eliminating ma-
trix ion interference and improving the sample homo-
geneity [8–18]. Moreover, nanomaterials have also been
widely used as affinity probes to simultaneously enrich
and isolate the target species. Flocculated and trapped
mixtures can be detected using nanomaterials or or-
ganic molecules as matrices [12, 19, 20]. Recently, the
determination of neutral carbohydrates has been ac-
complished by AuNP-assisted LDI [21]. With this ap-
proach, the ionization efficiency of neutral carbohy-
drates can be greatly amplified without derivatization
steps. We also found that a unique sample preparation,
in which samples are deposited onto the sample plate
before bare AuNPs, can provide better detection sensi-
tivity and sample homogeneity when compared with
(1) a deposition of a mixture of matrix and sample onto
the sample plate and (2) a deposition of bare AuNPs
onto the sample plate before the sample [22].
Herein, we evaluated the feasibility of using citrate-
capped AuNPs as MALDI matrices for the determina-
tion of progesterone, testosterone, and cortisol in a
high-salt solution. We carefully investigated the effect
of NaCl concentration on shot-to-shot reproducibility
and detection sensitivity when 2,5-dihydroxybenzoic
acid (2,5-DHB) or AuNPs served as matrices. This
practical method was further validated by the analysis
of carbohydrate, monosialoganglioside (GM1), indola-
mine, and angiotensin I in a high-salt solution. It should
be mentioned that neutral steroids and carbohydrates,
which are notoriously difficult to be ionized using
organic chemical matrices [7, 23], are cationized very
efficiently by AuNP-assisted LDI-TOF-MS, even if they
have been present in a high-salt solution.
Experimental
Chemicals
Progesterone, testosterone, cortisol, ribose, glucose,
maltose, 5-hydroxyindole acetic acid (5-HIAA), trypto-
phan, GM1 (bovine brain), bradykinin, angiotensin II,
angiotensin I, and substance P were purchased from
Sigma Chemical (St. Louis, MO, USA). Hydrogen tetra-
chloroaurate (III) dehydrate, 2,5-DHB, trisodium citrate,
sodium chloride, methanol, acetonitrile, and sodium
borohydride were obtained from Aldrich (Milwaukee,
WI, USA). Trifluoroacetic acid (TFA) was purchased
from Merck (Darmstadt, Germany). Milli-Q ultrapure
water was used in all of the experiments. Stock solu-
tions of steroids and GM1 (10 mM) were prepared in
methanol.Apparatus
A double-beam UV-visible spectrophotometer (Cintra
10e, GBC Scientific Equipment Pty Ltd., Dandenong,
Victoria, Australia) and an H7100 transmission electron
microscope (TEM; Hitachi High-Technologies Corp.,
Tokyo, Japan) operating at 75 keV were used to exam-
ine the absorbance and particle size of the AuNPs,
respectively. MS experiments were performed in the
positive-ion mode on a reflectron-type time-of-flight
(TOF) mass spectrometer (AutoFlex, Bruker Daltonics,
Billerica, MA, USA), which was equipped with a 3-m
flight tube and a 337-nm nitrogen laser. The available
accelerating voltages existed in the range from 20 to
20 kV. Each mass spectrum was generated by averag-
ing 50 and 120 laser pulses. Multiple mass determina-
tions (n  10) were made on each sample (200 M) to
provide a mean and relative standard deviation (RSD)
for each mass of interest. Internal calibration across the
mass range was performed and used the [Au] (m/z
196.9665), [Au2]
 (m/z 393.9330), [bradykinin  H]
(m/z 757.3991), [angiotensin II  H] (m/z 1046.5418),
[angiotensin I  H] (m/z 1296.6848), and [substance
P  H] (m/z 1347.7354).
Synthesis of AuNPs
On the basis of previous reports [24], a solution of the
AuNPs was prepared by the chemical reduction of
metal salt precursor (hydrogen tetrachloroaurate,
HAuCl4) in a liquid solution. A solution of HAuCl4
(0.35 mM, 50 mL) was heated to a boil before adding
34.0 mM trisodium citrate (0.8 mL). The resulting solu-
tion was boiled for another 8 min, during which time
the color changed to deep red. The solution was cooled
to room temperature with continuous stirring. The
average size of the AuNPs estimated by TEM images
was 13.2 nm with a standard deviation of 1.2 nm. The
maximum absorption wavelength of the AuNPs mea-
sured by UV-visible spectrophotometer was 520 nm.
The particle concentration of the AuNP solution deter-
mined by Beer’s law was 13.0 nM; the extinction coef-
ficient of 13.2 nm AuNPs at 520 nm was is approxi-
mately 108 M1 cm1 [25].
Preparation of Samples
Samples were prepared in a solution of 0–500 mM
NaCl. A sample solution (1 L) was deposited first onto
the sample plate (a stainless steel 384-well target,
Bruker Daltonics) and allowed to dry in air. Subse-
quently, an equal volume of 13 nM AuNPs or 20
mg/mL 2,5-DHB was deposited onto the first layer and
allowed to dry in air at room temperature before
MALDI-TOF-MS measurements. Previous studies dem-
onstrated that this sample preparation coupled to
AuNP-assisted LDI-TOF-MS is capable of providing
better shot-to-shot reproducibility and detection sensi-
877J Am Soc Mass Spectrom 2009, 20, 875–882 GOLD NANOPARTICLES AS ASSISTED MATRICEStivity [22]. Note that 2,5-DHB was dissolved in acetoni-
trile/H2O (70/30, vol/vol) in 0.1% TFA.
Analysis of Urine Samples
Urine samples were collected from a healthy female.
Without sample pretreatment, urine samples were
directly deposited onto the sample plate and allowed
to dry in air. Then, an equal volume of 13 nM AuNPs
or 20 mg/mL 2,5-DHB was deposited onto the first
Figure 1. Effect of salt concentrations on the ma
deposited first on the sample target and then (a)
deposited to the top of the sample layer. The sam
NaCl. (a) The peaks at m/z 288.39, 314.51, an
[progesterone  H], and [cortisol  H]. (b) Th
to the [testosterone  Na], [progesterone  Na
shots were applied under a laser fluence of 60 J.layer and allowed to dry in air before MALDI-
TOF-MS measurements.
Results and Discussion
Effect of Salt Concentration
Figure 1 shows the mass spectra of three neutral ste-
roids in the presence of 0–500 mM NaCl while 2,5-DHB
or AuNPs were used as matrices. In the sample prepa-
ectra of neutral steroids (200 M) when they are
mg/mL 2,5-DHB and (b) 13.0 nM AuNPs were
were dissolved in (A) 0, (B) 100, and (C) 500 mM
2.46 are assigned to the [testosterone  H],
ks at m/z 311.37, 337.49, and 385.44 are assigned
nd [cortisol  Na]. A total of 120 pulsed laserss sp
20.0
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d 36
e pea
], a
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target and then 2,5-DHB or AuNPs were deposited onto
the top of the sample layer. Expectedly, in the case of
2,5-DHB, the signal intensities of protonated steroids
gradually decreased with increasing concentration of
NaCl (Figure 1a). This is primarily attributed to the high
concentration of NaCl, which interferes with matrix
crystal formation, resulting in signal suppression [26].
Another reason is that the presence of NaCl in a sample
solution can cause the formation of the sodium adduct
ions during the desorption/ionization process, leading
to the low production of protonated ions [27]. Figure 1b
reveals the mass spectra of three neutral steroids after
we used 13.0 nM AuNPs to displace 2,5-DHB under
identical conditions. The peaks detected at m/z 311.04,
337.16, and 385.11 corresponded to [testosterone 
Na], [progesterone  Na], and [cortisol  Na],
respectively. Compared with 2,5-DHB, the signal inten-
sities of three neutral steroids obtained by AuNP-
assisted LDI remained almost constant with varying
NaCl concentrations from 0 to 500 mM; this is primarily
attributed to the fact that the analyte determined by
AuNP-assisted LDI analysis has a great tendency to
form sodium ion adducts [10, 19, 21, 22]. Moreover, the
formation of multiple peaks from a single compound
was not observed in AuNP-assisted LDI. Thus, no MH
signal was obtained by AuNP-assisted LDI-TOF-MS.
However, above 500 mM NaCl, the signal intensities
were suppressed, indicating that the maximum salt
tolerance for AuNPs is 500 mM. These results provided
clear evidence that AuNP matrices have a higher toler-
ance to high NaCl concentrations compared with that of
2,5-DHB matrices.
To understand whether the presence of salt affects
the reproducibility of the signal intensity, a solution of
cortisol containing 100 mM NaCl was detected by
MALDI-TOF-MS when AuNPs or 2,5-DHB served as
matrices (Figure 2). Variable signal intensities of cortisol
were collected from 60 different sample spots. Com-
pared with the use of 2,5-DHB, a decrease in the
variability of the signal intensities of cortisol was ob-
served using AuNP matrices. The RSDs of the signal
intensity for AuNPs and 2,5-DHB were 21.40% and
148.70%, respectively. In the case of 2,5-DHB, the rela-
tively poor reproducibility of the signal intensity was
ascribed to the inhomogeneous cocrystallization of the
analytes with the 2,5-DHB matrix. According to these
results, we suggest that the use of AuNPs, compared
with the use of 2,5-DHB, still provided better shot-to-
shot reproducibility in a high-salt solution.
Carbohydrates, GM1, Indolamines,
and Angiotensin I
Encouraged by the successful analysis of neutral ste-
roids in a high-salt solution, we further explored the
other biomolecules by means of AuNP-assisted LDI-TOF-MS. Figure 3a shows the mass spectrum of a
mixture of ribose, glucose, and maltose in the presence
of 500 mM NaCl. When 13.0 nM AuNPs were used as
matrices, all carbohydrates produced MNa species as
the major ions. We assigned the peaks at m/z 173.00,
202.99, and 365.12 to [ribose  Na], [glucose  Na],
and [maltose  Na], respectively. It should be men-
tioned that there was no peak corresponding to the
molecular ions of three neutral carbohydrates when
2,5-DHB served as the matrix. Meanwhile, although
GM1, composed of neutral glycosphingolipids and
sialic acids, was detected under identical conditions
(Figure 3b), two apparent peaks at m/z 1279.16 and
1307.87 were clearly present in the mass spectra derived
from asialo GM1 (GM1  Neu5Ac) with d18:1 sphino-
gosine and C18:0 fatty acid (d18:1–C18:0 or d18:1–C20:
0). Nakamura et al. [28] reported similar results for the
determination of asialo GM1 while 2,5-DHB was dis-
solved in acetonitrile/water (1:1, vol/vol). Because
AuNPs have a small heating capacity, the heat diffusion
Figure 2. Plot of normalized (a) [cortisol  Na] and (b)
[cortisol  H] ion intensities of cortisol obtained from 60
different spots. A solution containing 100 M cortisol and 100
mM NaCl was deposited first on the sample target and then
(a) 13.0 nM AuNPs and (b) 20.0 mg/mL 2,5-DHB were depos-
ited to the top of the sample layer. The RSD of the data are
presented as bar graphs. A total of 50 pulsed laser shots were
applied under a laser fluence of 60 J.from AuNPs to analyte is fast during the laser pulse
he sa
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in fragmentation (GM1  Neu5Ac). This proposed
method was also tested to detect indolamines in the
presence of 500 mM NaCl. The ionization of indola-
mines was successfully achieved by AuNP-assisted
LDI-TOF-MS (Figure 3c). On the contrary, no peak
corresponding to the molecular ions of indolamines
was discovered when using 2,5-DHB matrices. It is of
interest to investigate the effect of salt on the detection
of peptide. Figure 4a shows that the mass spectrum of
angiotensin I containing 100 mM NaCl was obtained
using 2,5-DHB matrices; we found the presence of a
series of sodium adductions of angiotensin I. The inset
is the mass spectrum of 2,5-DHB containing 100 mM
NaCl without the addition of angiotensin I. According
Figure 3. Mass spectra of (a) 200 M carbohyd
were obtained by AuNP-assisted LDI-TOF-MS
solution of 13.0 nM AuNPs was used as matrice
assigned to the [ribose  Na], [glucose  Na]
and 1367.87 are assigned to the [GM1  Neu5Ac
in Figure 1. (c) The peaks at m/z 214.03 and
[tryptophan  Na]. The other conditions are tto the result, it is suggested that serial peaks appearingat m/z  1500 were derived from the background of
2,5-DHB containing NaCl [29]. Figure 4b shows that the
mass spectrum of angiotensin I containing 100 mM
NaCl was obtained using AuNP matrices. The signal
intensities of angiotensin I were relatively low in
AuNP-assisted LDI-TOF-MS compared with the use of
2,5-DHB as matrices in MALDI-TOF-MS. However, the
peaks observed in Figure 4a at m/z  1500 were
absent in Figure 4b. As indicated in Figure 4c, even if
500 mM NaCl was added to the sample solution, the
peak profile at m/z  1500 resembled that shown in
Figure 4b. On the basis of these results, we point out
that AuNP inorganic matrices can tolerate a sample
solution containing a high concentration of NaCl.
Although DIOS [17] and silicon-NP-assisted LDI [13]
, (b) 10 M GM1, and (c) 200 M indolamines
samples were prepared in 500 mM NaCl. A
The peaks at m/z 173.00, 202.99, and 365.12 are
[maltose  Na]. (b) The peaks at m/z 1279.16
a]. The other conditions are the same as those
04 are assigned to the [5-HIAA  Na] and
me as those in Figure 1.rates
. The
s. (a)
, and
 N
227.also have higher salt tolerance, the preparation of
880 WU ET AL. J Am Soc Mass Spectrom 2009, 20, 875–882AuNPs is facile and does not require the use of UV
light, electrochemical etching, HF etching, or fluori-
nated derivatives. Additionally, the detection of car-
bohydrates by DIOS is successful only in the presence
of perfluorinated surfactants, which were spotted on
the DIOS chip [30].
Table 1. Linear range, linearity, LOD and reproducibility for three st
Analyte Linear range (M) R2
Testosterone 5 to 1000 0.9979
Progesterone 5 to 1000 0.9992
Cortisol 5 to 1000 0.9924
Ribose 10 to 1000 0.9945
Glucose 10 to 1000 0.9992
Maltose 10 to 1000 0.9912
5-HIAA 5 to 1000 0.9986
Tryptophan 5 to 1000 0.9909
GM1 5 to 500 0.9878
Angiotensin I 50 to 500 0.9910
a
Figure 4. Mass spectra of angiotensin I (100 M
(b, c) 13.0 nM AuNP matrices. The samples con
NaCl. Inset: Mass spectrum of 2,5-DHB containi
as those in Figure 1.Average m/z value (n  10).
bThe mass accuracy of each compound (200 M) was obtained from 10 diffSensitivity and Application
By applying AuNP-assisted LDI-TOF-MS, calibration
curves were constructed by plotting the concentrations
of analyte against measured signal intensities in the
presence of 100 mM NaCl. Table 1 shows that the
s, three carbohydrates, two indolamines, GM1, and angiotensin I
LOD (nM) m/z (Na adduct)a RSD (%)b
188.0 311.37 0.68
398.9 337.49 2.22
641.0 385.44 1.51
1395.0 173.00 1.40
393.4 202.99 0.90
785.3 365.12 0.03
46.5 214.03 3.48
141.5 227.04 0.67
1648.4 1307.48 0.04
5115.7 1320.80 0.04
re obtained using (a) 20.0 mg/mL 2,5-DHB and
ng were prepared in (a, b) 100 and (c) 500 mM
0 mM NaCl. The other conditions are the sameeroid) we
taini
ng 10erent spots.
881J Am Soc Mass Spectrom 2009, 20, 875–882 GOLD NANOPARTICLES AS ASSISTED MATRICEScalibration curves for each analyte exhibited good lin-
earity. The limits of detection (LODs) at a signal-to-
noise (S/N) ratio of 3 were 188.0, 398.9, 641.0, 1395.0,
393.4, 785.3, 46.5, 141.5, 1648.4, and 5115.7 nM for
testosterone, progesterone, cortisol, ribose, glucose,
maltose, 5-HIAA, tryptophan, GM1, and angiotensin I,
respectively. However, the sensitivity for three neutral
steroids was insufficient to detect biological fluid in
clinical samples [31]. We believe that the detection of
neutral steroid in biological fluid can be successfully
achieved through an extraction procedure coupled with
AuNP-assisted LDI-TOF-MS [32].
We applied this proposed method to the analyses of
a untreated urine sample. A normal urine sample
contains about 130 mM NaCl [33]. Figure 5a shows that
no peak was detected using 2,5-DHB matrices. Figure
5b and c display the mass spectrum of urine samples
through AuNP-assisted LDI-TOF-MS. The peaks at m/z
83.03 and 98.98 are Na and K adducts of urea, which
are the most abundant organic compounds in urine
Figure 5. Mass spectrum of a urine sample was obtained using
(a) 20.0 mg/mL 2,5-DHB and (b, c) 13.0 nM AuNP matrices. Note
that the spectrum of a urine sample is divided into (b) and
(c) because of the larger difference in scale. Peak identification:
(b) m/z 61.09, [urea  H]; m/z 83.03, [urea  Na]; m/z 98.98,
[urea  K]; m/z 112.93, [creatinine  H]; m/z 136.09, [creati-
nine  Na]. (c) m/z 151.95, [creatinine  K]; m/z 180.87,
[uric acid  Na]; m/z 196.97, [Au]; m/z 202.91, [glucose 
Na]. The unidentified peaks were marked by arrow bars. The
other conditions are the same as those in Figure 1.[33]. Human urine also contains an abundance of urea,
creatinine, uric acid, and glucose [33]. Figure 5b and c
also display their corresponding mass spectra. The
unidentified peaks, which were marked by arrows,
most likely corresponded to amino acids, organic acids,
and amines. Although the previous study also shows
that two drugs, morphine and propafenone, in a urine
sample can be detected by silicon-NP-LDI-TOF-MS [13],
the peaks corresponding to creatinine, uric acid, and
glucose are neither identified nor observed, probably
attributable to the fact that silicon NPs should be
washed with 2-propanol/H2O (vol/vol, 50:50) before
the analysis of silicon-NP-LDI-TOF-MS and the ana-
lytes were also prepared in 2-propanol/H2O (vol/vol,
50:50).
Conclusions
We have demonstrated that AuNP inorganic matrices
possess high-salt tolerance for the analysis of biomol-
ecules by MALDI-TOF-MS while they are deposited
first on the sample target, after which AuNPs are
deposited onto the top of the sample layer. Compared
to 2,5-DHB matrices, AuNPs offer a number of distinc-
tive advantages. First, analytes can be directly detected
and quantified in a high-salt solution by AuNP-assisted
LDI-TOF-MS. Thus, this proposed method can be ex-
tended to the analysis of biological samples without a
desalting step. Second, no serial peak was derived from
the background of AuNPs containing NaCl. Last, the
use of AuNPs still provides better shot-to-shot repro-
ducibility while samples are prepared in a high-salt
solution. On the basis of these advantages, we believe
that AuNP matrices have a potential advantage in
analyzing biological samples containing a high-salt
concentration.
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